The role of insulin-like growth factor-1 receptor (IGF-1R) in cancer tumorigenesis was established decades ago, yet there are limited studies evaluating the imaging and therapeutic properties of anti-IGF-1R antibodies. Noninvasive imaging of IGF-1R may allow for optimized patient stratification and monitoring of therapeutic response in patients. Herein, this study reports the development of a Zirconium-89 ( 89 Zr)-labeled anti-IGF-1R antibody ( 89 ZrDf-1A2G11) for PET imaging of pancreatic cancer. Successful chelation and radiolabeling of the antibody resulted in a highly stable construct that could be used for imaging IGF-1R expressing tumors in vivo. Western blot and flow cytometry studies showed that MIA PaCa-2, BxPC-3, and AsPC-1 pancreatic cancer cell lines expressed high, moderate, and low levels of IGF-1R, respectively. These three pancreatic cancer cell lines were subcutaneously implanted into mice. By employing the PET imaging technique, the tumor accumulation of 89 Zr-Df-1A2G11 was found to be dependent on the level of IGF-1R expression. Tumor accumulation of 89 Zr-Df-1A2G11 was 8.24 ± 0.51, 5.80 ± 0.54, and 4.30 ± 0.42 percentage of the injected dose (%ID/g) in MIA PaCa-2, BxPC-3, and AsPC-1-derived tumor models at 120 h postinjection, respectively (n = 4). Biodistribution studies and ex vivo immunohistochemistry confirmed these findings. In addition, 89
■ INTRODUCTION
Insulin-like growth factor 1 receptor (IGF-1R) is a transmembrane receptor of the tyrosine kinase class involved in cell growth, apoptosis, and tumor invasion in cancer. 1 Although it is expressed at low levels in normal tissue, IGF-1R is upregulated in most cancers, including malignancies of the breast, lung, prostate, and pancreas. 2 Upregulation of IGF-1R is critical for malignant transformation and has been linked to increased lethality in patients, whereas decreased IGF-1R expression levels correlated with diminished tumor growth and improved survival. 3 Several therapeutic strategies have been developed to block the cancerous activity of IGF-1R, including receptortargeted antibodies and tyrosine kinase inhibitors. 4 Although many of these anti-IGF-1R therapies are in clinical trials, their efficacy has yet to be established. 5, 6 Currently, immunohistochemistry is the primary method for assessing IGF-1R expression in human tumors; however, this is an invasive procedure limited by the heterogeneous expression of IGF-1R found in many solid tumors. 7 For addressing this concern, several researchers have turned to molecular imaging for noninvasively assessing IGF-1R expression in several cancer models. 8 Pancreatic cancer remains the most lethal form of cancer worldwide despite significant advancements in the treatment of other malignancies. 9 The dismal outcomes associated with pancreatic cancer have been linked to several factors, including the late onset of clinical symptoms in patients, inefficient screening modalities for detecting precancerous lesions, and ineffective treatment options. 10 In addition, more than 80 percent of patients are found to have locally advanced or metastatic disease when first diagnosed; thus, patients have limited treatment options. 11 In 2015, the five-year mortality rate for patients with pancreatic cancer was 93% in the United States. 9 Much research has been devoted to the development of novel agents for detecting early pancreatic cancers, especially in high-risk patients. While scientists strive to discover new medicinal and imaging agents, the harsh microenvironment of pancreatic tumors effectively limits the delivery and accumulation of most compounds. It is thought that IGF-1R may serve as an effective diagnostic biomarker in pancreatic cancer, as it is overexpressed in most pancreatic cancers and associated with higher tumor grade and poor survival. 12 Thus, IGF-1R could be used for imaging of IGF-1R-expressing tumors, monitoring of therapeutic response, enhancing prognostic stratification, and identifying individuals or groups more likely to respond to novel anti-IGF-1R therapies.
Targeting IGF-1R with monoclonal antibodies for molecular imaging has several advantages, including the high specificity and affinity exhibited by antibodies for the target protein. Also, IGF-1R antibodies are much larger than insulin-like growth factor-1 (IGF-1) analogues and thus provide more sites for bioconjugation. Currently, several anti-IGF-1R antibodies are in preclinical development, and a few are in clinical investigations. 13−16 For example, R1507, a fully humanized recombinant anti-IGF-1R monoclonal antibody, has been evaluated in many clinical trials. 15, 17, 18 R1507 was successfully labeled with 111 In and 89 Zr for SPECT and PET imaging, respectively, and assessed for their imaging efficiencies in a triple-negative breast cancer model. 19 However, the investigators noted that clinical translation of R1507 may be hindered by nonspecific uptake in other organs and tissues in patients. Another humanized anti-IGF-1R antibody, AVE-1642, was studied in an orthotopic human breast cancer MCF-7 model. 20 Near-infrared (NIR) imaging of the antibody conjugated to QD705 or Alexa680 was performed to detect receptor expression and downregulation of IGF-1R in vivo. Tumor uptake of Alexa680-labeled AVE-1642 was mostly attributed to active targeting, whereas tumor accumulation of the QD conjugate was mainly due to the enhanced permeability and retention (EPR) effect resulting from its relatively large size. Because IGF-1R is expressed predominantly on tumor cells instead of on tumor vasculature, the majority of QD705-labeled AVE-1642 or any nanomaterial-based immunotargeting could not efficiently extravasate to reach the targeted receptor on tumor cells.
ImmunoPET imaging is a noninvasive strategy that utilizes the enhanced specificity of antibodies for molecular imaging of solid malignancies. Recently, the 64 Cu-labeled IGF-1R monoclonal antibody (called 1A2G11) was successfully developed for in vivo PET imaging of prostate cancer. 21 It was shown that 64 Cu-NOTA-1A2G11 accumulated in IGF-1R tumors with high specificity, yet 64 Cu limited their imaging capabilities. 21 Employment of long-lived isotopes (e.g., 89 Zr) may provide further insight into the long-term behavior of antibodies in vivo as antibodies may circulate for up to 45 days. In this study, we evaluated 89 Zr-labeled 1A2G11 for PET imaging of IGF-1R in three pancreatic cancer cell line-derived tumor models. This was accomplished by mapping the biodistribution and determining the tumor targeting efficiency of the tracer. We hypothesized that 89 Zr-Df-1A2G11 accumulation would be dependent upon IGF-1R expression levels and vascularity of the tumor model.
■ EXPERIMENTAL SECTION
Production of Anti-IGF-1R Antibody. The production of 1A2G11, a monoclonal antibody targeting IGF-1R, was performed by NeoClone Biotechnologies International, LLC (Madison, WI, USA) and described previously. 21 Briefly, several immunogens were screened for reactivity using bioinformatics techniques before the recombinant mouse protein was inoculated into Balb/c female mice. IGF-1R positive cell candidates were screened for monoclonal colonies before the most promising candidate (1A2G11) was bulk produced for further experiments.
Cell Culture. Human pancreatic adenocarcinoma cell lines (MIA PaCa-2, BxPC-3, and AsPC-1) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). AsPC-1 and BxPC-3 cells were grown in Roswell Park Memorial Institute (RPMI)-1640 medium with high glucose supplemented with 10% FBS (Hyclone, GE Healthcare Life Sciences, Little Chalfont, UK) at 37°C in a humidified incubator with 5% CO 2 . MIA PaCa-2 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 2.5% donor horse serum (GemCell, Gemini Bio-Products, West Sacramento, CA, USA). Cells were utilized for in vitro and in vivo experiments once they reached 60−70% confluency.
Determination of Cell Binding by Flow Cytometry. The binding affinity of 1A2G11 was evaluated by flow cytometry studies using MIA PaCa-2, BxPC-3, and AsPc-1 cell lines. Cells were harvested at 70% confluency and suspended in cold phosphate buffered saline (PBS) with 3% bovine serum albumin (BSA) at a concentration of 1 × 10 6 cells/mL. The cells were incubated with 200 μL of Alexa Fluor 488-labeled 1A2G11 (0.5 μg/mL) on ice for 30 min. Next, the cells were washed 3 times with cold PBS resuspended in 200 μL of ice-cold PBS containing 3% BSA. The binding efficiency was analyzed using a MACSQuant cytometer (Miltenyi Biotech, Bergisch Gladbach, Germany), and mean fluorescence intensities were processed using FlowJo analysis software (Tree Star, Inc., Ashland, OR, USA).
Determination of IGF-1R Expression by Western Blot. IGF-1R expression was determined by Western blotting using standard techniques. Once the pancreatic cancer cell lines had grown to 70% confluency, the cells were washed with ice-cold PBS. Next, the cells were lysed using radioimmunoprecipitation assay (RIPA) buffer (Boston BioProducts, Ashland, MA, USA) supplemented with 1:100 protease inhibitor cocktail (Halt Inhibitor Cocktail, Thermo Fisher Scientific, Carlsbad, CA, USA) for 15 min at 4°C. Cells were scraped, and the lysis solution was centrifuged at 13,000g for 10 min at 4°C. The supernatant was removed, and protein concentration was measured using the Pierce Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). Next, 20 μg of total protein was loaded into the corresponding wells of a 4− 12% Bolt Bis-Tris Plus gel (Thermo Fisher Scientific, Carlsbad, CA, USA) alongside the Chameleon Duo ladder (LI-COR Biosciences, Lincoln, NE, USA). Following electrophoresis at 120 mV for 45 min at 4°C, proteins were transferred to a nitrocellulose membrane using the iBlot 2 system (ThermoFisher Scientific, Carlsbad, CA, USA). The membrane was blocked with Odyssey Blocking Buffer (PBS) (LI-COR Biosciences, Lincoln, NE, USA) for 12 h at 4°C. The membrane was placed in the iBind Western Device (Thermo Fisher Scientific, Carlsbad, CA, USA), and the primary and secondary antibody solutions and washes were put in the corresponding chambers. Dilutions of 1:300 and 1:200 of the rabbit-derived polyclonal anti-IGF-1R antibody (Santa Cruz, Dallas, TX, USA), A12G11 antibody, and mouse β-actin (LI-COR Biosciences, Lincoln, NE, USA) were made with the iBind Fluorescent Detection Solution Kit (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer's protocol. Similarly, the secondary antibodies (donkey antimouse IRDye 680RD and donkey anti-human 800CW) were diluted at 1:1500 and placed in the corresponding chambers. The membranes were left in the iBind system for 6 h before the membranes were removed for scanning using the LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
Human Pancreatic Adenocarcinoma Xenograft Mouse Model. All animal studies were conducted under an IACUC protocol approved by the University of Wisconsin Institutional Animal Care and Use Committee. For implantation, 5 × 10 6 tumor cells, in a mixture of 1:1 phosphatebuffered saline (PBS) and Matrigel (BD Biosciences, San Jose, CA, USA), were subcutaneously injected into 4-5 week old female athymic nude mice (Envigo, Cambridgeshire, United Kingdom). Tumor diameter was monitored weekly, and mice with tumors between 5 and 9 mm were utilized for in vivo studies.
89 Zr-Oxalate Production. Production of 89 Zr-oxalate was carried out as previously described. 22 Briefly, 89 Zr was produced in a biomedical cyclotron (GE PETtrace) via irradiation of natural yttrium foil (250 μm, 99.9%) with 16.4 MeV protons. Next, 2 h irradiations of the target with a 5 mA current yielded 280−320 MBq of 89 Zr on the yttrium target. The foil was dissolved in concentrated HCl (Ultrex grade, Mallinckrodt, Dublin 15, Ireland) and loaded into a hydroxamate-functionalized resin, washed with 6 N HCl, and eluted in 1 M oxalic acid.
Chelation and 89 Zr Labeling of IGF-1R Antibody. The anti-IGF-1R antibody 1A2G11 (NeoClone, Madison, WI, USA) was conjugated to the chelator p-isothiocyanatobenzyldesferrioxamine (Df-Bz-NCS; Macrocyclics, Inc., Dallas, TX, USA) using procedures previously reported. 23, 24 Briefly, ∼3 mg of 1A2G11 in PBS was mixed with Df-Bz-NCS at a molar ratio of 1:3 after the antibody solution was adjusted to pH 8.5−9.0 with 0.1 M Na 2 CO 3 . The solution was allowed to react for 2 h at 37°C. Next, the sample was purified by size exclusion chromatography using PD-10 columns.
For radiolabeling, ∼3 mCi of 89 Zr-oxalate was buffered with 0.5 M HEPES solution (pH 7.0) and added to a solution of Df-1A2G11. The radioactive solution was incubated for 1 h at 37°C with constant shaking. Next, 89 Zr-Df-1A2G11 was purified using PD-10 columns with PBS being used as the mobile phase. The radioactive fractions containing 89 Zr-Df-1A2G11 were collected and passed through a 0.2 μm syringe filter for in vivo experiments. The same procedure described for 89 Zr-Df-1A2G11 was used to produce the 89 Zr-labeled nonspecific human IgG (Sigma-Aldrich, St. Louis, MO, USA).
PET Imaging and Biodistribution. For PET imaging, tumor-bearing mice were injected intravenously with ∼200 μCi of 89 Zr-Df-1A2G11. PET scans were performed using an Inveon microPET/microCT rodent model scanner (Siemens Medical Solutions USA, Inc.). Mice were subjected to 5−15 min of static PET scans at 12, 24, 48, 72, and 120 h postinjection. List mode scans of 40 million coincidence events were acquired for each mouse. The images were reconstructed using a maximum a posteriori (MAP) algorithm with no attenuation or scatter correction. PET images were reconstructed using a three-dimensional ordered subset expectation maximization (OSEM3D) algorithm. Quantification of PET images was accomplished in an Inveon Research Workplace (Siemens Medical Solution) workstation via region of interest (ROI) analysis with tissue uptake being reported as percentage injected dose per gram of tissue (%ID/g).
Biodistribution studies were carried out to validate the PET data. Immediately after the last imaging time point (120 h postinjection), mice were euthanized. The major organs, tissues, and tumors were collected and weighed before the activity was counted with a WIZARD2 automatic gamma counter (PerkinElmer, Waltham, Massachusetts, USA). The uptake was expressed as %ID/g (mean ± SD). Fluorescence Immunohistochemistry Using Confocal Microscopy. During biodistribution, tumor samples were collected for histological studies. Frozen tissue slices of 5 μm thickness were fixed with cold acetone for 10 min and air-dried at 20−25°C for 30 min. After rinsing with PBS and blocking with 10% donkey serum for 30 min at 20−25°C, the slices were incubated with a commercial IGF-1R antibody (5 μg/mL) or 1A2G11 (5 μg/mL) for 12 h at 4°C and visualized using the FITC-labeled rabbit anti-mouse secondary antibody. The slides containing tumor sections were also stained for the endothelial marker known as CD31. After washing with PBS, the slides were incubated with rat anti-mouse CD31 antibody (2 μg/mL) for 1 h, followed by Cy3-labeled donkey anti-rat IgG for 30 min at 20−25°C. All images were taken with a Nikon A1R + Confocal Microscope (Nikon, Inc., Melville, NY, USA), and images were analyzed using the NIS-Elements Ar with Deconvolution software package.
Statistical Analysis. Quantitative data were expressed as mean ± standard deviation (SD). Statistical analyses were performed using a Student t-test or one-way analysis of variance (ANOVA). A confidence interval of 95% was selected with p < 0.05 considered statistically significant. IGF-1R Expression in Pancreatic Cancer Cell Lines. Western blot studies were employed to determine the relative levels of IGF-1R in each pancreatic cancer cell line. For comparison and confirmation, two distinct anti-IGF-1R antibodies were utilized (Figure 2 ). First, a Western blot was performed with a rabbit-derived polyclonal IGF-1R antibody (Figure 2A ). MIA PaCa-2 cells displayed the band with the strongest intensity at 110 kDa, suggesting the highest expression of MIA PaCa-2. Also, BxPC-3 cells showed a strong band at ∼110 kDa; however, AsPC-1 cells showed a weak band signifying lower levels of IGF-1R expression. When normalized to β-actin, MIA PaCa-2 remained the highest at 1.0, followed by BxPC-3 at 0.8 and AsPC-1 at 0.54. These results were confirmed by a second Western blot that utilized the antibody of interest, 1A2G11 ( Figure 2B) . Similarly, MIA PaCa-2 and BxPC-3 cells showed higher levels of IGF-1R expression, as signified by intense bands at 110 kDa, whereas AsPC-1 cells displayed the band with the lowest signal at the same molecular weight. When normalized to β-actin, MIA PaCa-2 and BxPC-3 revealed similar ratio values of 1.0 and 0.92, respectively, whereas AsPC-1 was lowest at 0.34.
PET Imaging of 89 Zr-Df-1A2G11. Serial PET imaging was performed at 12, 24, 48, 72, and 120 h after 89 Zr-Df-1A2G11 was injected into MIA PaCa-2, BxPC-3, and AsPC-1 tumorbearing mice. Representative maximum intensity projections (MIPs) have been provided for each time point (Figure 3 ). The coronary artery (A), heart (H), liver (L), spleen (S), and tumor (T) are denoted by arrows. The quantitative data obtained from the region-of-interest analysis are shown in Figure 4 with the numerical values provided in Tables S1−S3. The highest Measurements of activity from the blood, liver, and spleen were also determined from PET imaging. Activity in the blood pool was similar for each model, which was shown to steadily decrease from the initial to final time point ( Figure 4B ). In addition, the liver showed similar activity levels and trends with 9.46 ± 1.37, 10.7 ± 0.38, and 10.1 ± 0.62%ID/g in MIA PaCa-2, BxPC-3, and AsPC-1-derived tumor models at 120 h postinjection (n = 4), respectively ( Figure 4C ). Also, activity in the spleen was shown to remain constant throughout the study ( Figure 4D) . Accumulation of the tracer in the muscle was negligible compared to the uptake of target organs and those organs involved in the excretion of 89 Zr-Df-1A2G11 (Tables  S1−S3) .
For ensuring that binding of 1A2G11 was specific, a nonspecific human IgG ( 89 Zr-Df-IgG nonspecific ) was radiolabeled with 89 Zr for PET imaging of the MIA PaCa-2-derived subcutaneous tumor model ( Figure 5A ). As shown in Table  S4 , the nonspecific antibody displayed low tumor accumulation with values ranging from 3.48 ± 0.65 to 3.63 ± 0.95%ID/g from 12 to 120 h postinjection of 89 Zr-Df-IgG nonspecific (n = 4), respectively. In addition, the activity in the blood pool (6.13 ± 0.63%ID/g) was similar to that of 89 Zr-Df-1A2G11 in MIA PaCa-2 (7.56 ± 1.04%ID/g), BxPC-3 (6.77 ± 0.17%ID/g), and AsPC-1 (8.03 ± 0.81%ID/g) models at 120 h postinjection (n = 4; Figure 5B and Tables S1−3), confirming the high stability, yet low specificity, of 89 Zr-Df-IgG nonspecific for in vivo targeting of IGF-1R-expressing tumors.
Biodistribution of 89 Zr-Df-1A2G11. After mice had been imaged at the last time point at 120 postinjection, biodistribution was performed to confirm the PET ROI data. The biodistribution of 89 Zr-Df-1A2G11 was compared between the xenograft-bearing mice ( Figure 6 and Table S5 ). For biodistribution studies, major organs, tissues, and tumors were removed from euthanized mice, and the activity was measured by a gamma counter. The accumulation of 89 Zr-Df-1A2G11 was highest in the blood pool (8.5 ± 0.9, 8.6 ± 1.3, and 6.3 ± 0.5% ID/g) and liver (8.0 ± 0.4, 10.1 ± 1.6, and 8.0 ± 2.0%ID/g; n = 4) for MIA PaCa-2, BxPC-3, and AsPC-1-derived tumorbearing mice, respectively. Uptake of the tracer in tumors expressing moderate to high levels of IGF-1R was higher than uptake in the AsPC-1-derived tumor model that expressed low levels of IGF-1R. MIA PaCa-2, BxPC-3, and AsPC-1-derived tumors displayed a significant difference in uptake with activity values of 7.9 ± 0.9, 4.4 ± 1.0, and 2.0 ± 0.3%ID/g at 120 h postinjection (p < 0.05; n = 4), respectively. Several organs and tissues were found to have low uptake of 89 Zr-Df-1A2G11, including muscle, pancreas, stomach, intestine, and brain, with values less than 1.0%ID/g.
The biodistribution of 89 Zr-Df-IgG nonspecific in MIA PaCa-2-derived tumor-bearing mice was assessed to validate PET findings ( Figure S1 and Table S6 ). Tumor uptake of 89 Zr-DfIgG nonspecific was found to be 3.01 ± 1.65%ID/g at 120 h postinjection, which is similar to the results from PET analysis. Analogous to the biodistribution results of 89 Zr-Df-1A2G11, the liver and spleen displayed the highest accumulation of 14.39 ± 5.21 and 11.09 ± 3.96%ID/g, respectively (n = 4). Lastly, the blood pool was found to contain 7.27 ± 1.07%ID/g at 120 h postinjection (n = 4). Overall, the values obtained from ex vivo biodistribution accurately reflected the in vivo biodistribution of 89 Zr-Df-1A2G11 and further corroborated the PET findings. Histology. Ex vivo immunohistochemistry was performed using 1A2G11/CD31 costaining with fluorescently tagged antibodies (Figure 7) . For visualizing the presence of IGF-1R in tissue sections, 1A2G11 and fluorescently labeled secondary antibody were used sequentially. In addition, platelet endothelial cell adhesion molecule-1 (PECAM-1), also known as CD31, was used to determine the spatial location of the vasculature. Lastly, DAPI was used as a counterstain for visualization of cell nuclei. MIA PaCa-2 showed the highest IGF-1R expression (green) followed by BxPC-3. As expected, minimal fluorescent signal was found in AsPC-1 tumor sections. Also, CD31 signal was displayed in each tumor section (red). Lastly, the counterstain DAPI acted as a control and confirmed the presence of cells in the tissue sections (blue). As shown in the merged images, immunohistochemistry further confirmed that IGF-1R expression was predominantly on MIA PaCa-2 and BxPC-3-derived tumors, as previously suggested by flow cytometry and Western blot studies. Similar findings were seen using a commercially available anti-IGF-1R antibody ( Figure S2 ).
■ DISCUSSION
Overexpression of IGF-1R in pancreatic cancer and most other malignancies makes this target well-suited for molecular imaging purposes. As IGF-1R overexpression has been linked to several adverse outcomes in most cancers, development of novel therapeutic and imaging strategies for detecting IGF-1R-expressing malignancies is critical. Currently, there are several therapeutic antibodies, peptides, and other small molecules in development for the treatment of IGF-1R-expressing malignancies with many constructs in clinical trials. 25 As novel therapeutic strategies targeting IGF-1R become clinically available, physicians will need to determine which patients may benefit from IGF-1R therapeutic intervention. Although generally accomplished through invasive biopsies, molecular imaging allows for the noninvasive assessment of IGF-1R expression in tumors using antibody-based imaging agents. In turn, this allows for both patient stratification and the monitoring of therapeutic response.
In this study, 89 Zr was employed for its long half-life (78.41 h), which more closely matches the pharmacokinetic properties of antibodies circulating in the bloodstream. 26, 27 By using this isotope, it is possible to monitor the biodistribution of an antibody-based tracer for several days. Accumulation of 89 ZrDf-1A2G11 was found to be rapid and specific with high accumulation in IGF-1R-expressing tumors only 12 h after injection and minimal uptake in IGF-1R-nonexpressing tumors. Furthermore, the use of a nonspecific antibody confirmed that accumulation was specific and not attributed to other factors, such as the isotope or chelator. Activity in the blood pool and liver gradually decreased in each model from 12 to 120 h postinjection of 89 Although 89 Zr may hold greater potential for clinical translation, this isotope is currently limited by two factors: First, 89 Zr has a strong affinity for phosphate and may accumulate in bones. 30 In this study, the accumulation of activity was not quantified in the bones as these data are inherently limited by the partial volume effect. 31 Although this initially caused concern for clinical translation, humans undergo significantly slower bone turnover in comparison to rodents; thus, bone uptake is not expected to hinder the use of 89 Zr in patients. Second, deferoxamine is the only commercially available chelator available for 89 Zr-labeling, which is prone to gradual transchelation in vivo due to the weak binding of 89 Zr. 32 To address these concerns, researchers are currently developing novel chelators for 89 Zr. Improved chelators with higher stability should reduce bone uptake, thus limiting potential bone marrow toxicity in the patient.
Recently, Su et al. reported the use of a Copper-64 ( 64 Cu)-labeled affibody targeting IGF-1R in a glioblastoma model, yet tumor uptake was modest with 5.08 ± 1.07%ID/g at 24 h postinjection. 33 Currently, there are two reports of 64 Cu-labeled anti-IGF-1R antibodies in the literature, yet both studies were restrained by time due to the short half-life of 64 Cu (12.7 h). For comparison, R1507 is a fully humanized recombinant anti-IGF-1R antibody that was radiolabeled with (Indium-111) 111 In and 89 Zr for molecular imaging of SUM149-derived subcutaneous xenograft tumors. Although effective, accumulation of 89 Zr-R1507 was not evaluated in other cell lines expressing varying levels of IGF-1R expression. In this study, accumulation of 89 Zr-Df-1A2G11 was shown to be dependent upon IGF-1R expression levels in three pancreatic cancer cell line-derived tumor models. Although 89 Zr-Df-1A2G11 was used to image pancreatic cancer in this study, overexpression of IGF-1R in other solid malignancies makes this marker suitable for imaging other cancers. In turn, this allows for enhanced patient stratification and monitoring of therapeutic response to anti-IGF-1R-based therapies.
■ CONCLUSIONS
This study investigated the potential use of 89 Zr-labeled anti-IGF-1R antibody for molecular imaging of IGF-1R expression in three pancreatic cancer tumor models. 89 Zr-Df-1A2G11 displayed rapid, persistent, and specific uptake in IGF-1R-expressing tumors with minimal uptake in tumors expressing low levels of IGF-1R. As a positive correlation was found between IGF-1R expression levels and accumulation of the tracer in tumors, 89 Zr-Df-1A2G11 may be employed to identify patients that may benefit from anti-IGF-1R therapies. Although this study used the tracer for imaging of pancreatic cancer, IGF-1R is upregulated in several solid malignancies; thus, IGF-1R-based imaging agents may serve as versatile imaging agents for a variety of diseases. Immunofluorescence staining of IGF-1R and CD31 in MIA PaCa-2, BxPC-3, and AsPC-1-derived tumor sections. Tissue sections were incubated with 1A2G11, followed by FITC-labeled rabbit antimouse secondary antibody (green). The endothelial marker CD31 was visualized with a rat anti-mouse CD31 antibody, followed by Cy3-labeled donkey anti-rat IgG (red). The counterstain 4′,6-diamidino-2-phenylindole (DAPI) was used for visualization of cell nuclei (blue).
